A differential photothermal radiometry method, wavelength-modulated differential photothermal radiometry (WM-DPTR), has been developed theoretically and experimentally for noninvasive, noncontact biological analyte detection, such as blood glucose monitoring. WM-DPTR features analyte specificity and sensitivity by combining laser excitation by two out-of-phase modulated beams at wavelengths near the peak and the base line of a prominent and isolated mid-IR analyte absorption band (here the carbon-oxygen-carbon bond in the pyran ring of the glucose molecule). A theoretical photothermal model of WM-DPTR signal generation and detection has been developed. Simulation results on water-glucose phantoms with the human blood range (0-300 mg/dl) glucose concentration demonstrated high sensitivity and resolution to meet wide clinical detection requirements. The model has also been validated by experimental data of the glucose-water system obtained using WM-DPTR.
I. INTRODUCTION
Diabetes has become one of the leading causes of death and disability in the world [1] . Patients can be at risk of heart and kidney failure, blindness, and amputations [2] . For proper diabetes management, frequent monitoring of blood glucose is required [3] . The current standard technique for self-monitoring of blood glucose requires a skin puncture to draw a small blood sample. However, the discomfort and pain of the procedure lead to poor compliance. Quick, reliable, and pain-free testing are three highly desirable characteristics for patients.
Over the past two decades the pursuit of noninvasive methods for glucose monitoring has resulted in the development of a number of optical technologies [4, 5] . The near-infrared (NIR) spectral range has been well explored because of the relatively low water absorption [4, 6] . However, the NIR glucose absorption bands are weak (overtone and combination bands) and are overlapped with other blood constituents. Separation often requires sophisticated processing algorithms. In comparison, the mid-infrared (MIR) region is extremely useful for glucose identification. Of particular significance is the prominent absorption peak in the 8.5-10.5-μm band which is due to the carbon-oxygen-carbon bond in the pyran ring of glucose. This feature is peaked at ∼9.7 μm, and is isolated from other interfering peaks in human blood [7] [8] [9] [10] [11] [12] . A major difficulty of purely optical detection methods using the MIR is the intrinsic high background absorption coefficient of water which tends to fully dominate the relatively low absorption of normal glucose concentration in human blood.
Recently, a new approach to the noninvasive detection of glucose was developed. This new methodology, wavelengthmodulated differential photothermal radiometry (WM-DPTR) [13] , involves the measurement of glucose in a sample by means of differential detection of thermal infrared (thermophotonic) emissions produced by two incident optical beams. The differential detection is achieved by square-wave modulating * guox@mie.utoronto.ca the intensity of the two beams 180
• out of phase, and selecting the wavelengths of the two beams to be on and off the glucose absorption peak near 9.7 μm. The simulation results from aqueous glucose mixtures 0-300 mg/dl (0-17 mmol/l) demonstrate distinct advantages of WM-DPTR over noninvasive optical methods. While developed for glucose measurements, this technique could be easily adapted to the measurements of other analytes in biomedical samples.
II. WM-DPTR THEORY
The theoretical analysis of the WM-DPTR signal comprises differential photothermal radiometric signal generation following sequential optical absorption of two out-of-phase square-wave modulated laser beams by a semi-infinite onedimensional medium. The sensitive analyte detection is based on the selective absorption of the analyte at two excitation wavelengths (peak and base line). The differential signal arises because the absorption maximum (one laser beam) generates a photothermal-wave centroid for the IR emission closer to the surface than the absorption minimum (the other laser beam). In addition, changes in the thermophysical properties of the water-analyte mixture compared to those of pure water act as a differential signal amplifier in WM-DPTR.
A. General PTR signal formalism for transient temperature rise
When light is absorbed by a semi-infinite one-dimensional medium, for example, water or a water-glucose mixture, the transient temperature field of the medium can be expressed as T m (z,t) = T 0 + T m (z,t),
where T 0 is the thermal equilibrium temperature and T m (z,t) is the temperature increase in the medium. The resulting IR radiation intensity is described by the Planck distribution function:
where
is the Planck distribution function (blackbody spectral radiant emittance at IR wavelength λ) at thermal equilibrium, and
is the IR radiation increase due to the temperature increase. Here, h is Planck's constant, c is the speed of light in vacuum, and k B is the Boltzmann constant. The IR radiation emitted and intercepted by an IR detector is
where [λ 1 ,λ 2 ] is the spectral (collection) bandwidth of the IR detector, μ IR (λ) is the IR absorption (emission) coefficient of the medium, R(λ exc ) is the reflection coefficient of the medium at excitation wavelength λ exc , Q 0 (λ 1 ,λ 2 ) is the power of thermal (mid-) IR radiation emitted (absorbed) by the semi-infinite medium at thermal equilibrium at temperature T 0 , and Q(t; λ 1 ,λ 2 ) is the radiation power increase due to the temperature transient. For synchronous lock-in detection, only Q(t; λ 1 ,λ 2 ) will be of interest. Letμ
the spectrally weighted IR absorption (emission) coefficient for homogeneous absorbers (in practice,μ IR will be a fitting parameter to experimental data). Neglecting the reflected fraction of the excitation beam from the surface, the IR thermophotonic emissive signal increase upon switching on the laser beam is spectral-bandwidth averaged:
with
To quantify the WM-DPTR signal generation, an expression for the optically induced temperature space and time distribution T m (z,t) will be developed.
B. Photothermal temperature field from rectangular-pulse excitation
The temperature field generated from rectangular-wave optical excitation and absorption by an analyte is dealt with in two steps: First we find T m (z,t) of a temporally impulsive excitation, and then we derive the rectangular-pulse response from the impulse response through convolution.
The photothermal impulse response to an instantaneous optical pulse of the Dirac δ(t) type and intensity I 0 [W m −2 ] can be found. It generates a thermal power density depth profile in the medium
subject to the adiabatic boundary condition
reflecting the fluid-air interface, where μ e is the absorption coefficient of the medium at the excitation wavelength:
The space-and time-dependent temperature field generated by the boundary value problem of Eqs. (5) and (6) can be derived using the Green function for the system, G(z,t/z 0 ,t 0 ):
where α is the thermal diffusivity and k is the thermal conductivity of the medium. Using the Green function method with
subject to
yields
where H (t − t 0 ) is the Heaviside function defined as
From Eqs. (7) and (10) the temperature (photothermal) impulse response becomes
where erfc(y) = is a photothermal time constant indicating heat conduction in the photoexcited medium from a distance equal to the optical absorption depth. The temperature rise is T m (z,t) = T m (z,t) − T 0 ; however, the constant background temperature T 0 will not be part of the lock-in detection scheme, so it can be neglected:
T m (z,t) = T m (z,t). For a rectangular finite optical pulse I (t) we let
where τ p is the pulse duration and τ 0 is the pulse repetition period.
The temperature transient can be expressed as a convolution integral of the photothermal impulse response.
For 0 < t τ p , we obtain
Using Eq. (12) yields, after some manipulation,
For t τ p :
Carrying out the integration gives
It can be shown that
with T m1 (z,t) given by Eq. (15)
C. WM-DPTR signal
From Eqs. (4) and (15), the PTR response to a rectangular optical pulse of duration 0 t τ p can be written as
is a photothermal time constant indicating conductive heat transfer from a length equal to the mean infrared optical absorption depth, 1/μ IR . The PTR response for t τ p becomes
laser B on
laser A on laser B on 
Over the full period 0 t τ 0 the sequence of photothermal responses is as follows:
Symbolically, Eq. (22) can be written as
Equation (22) does not take into account any contributions from the decaying photothermal transient of the period immediately prior to the current period commencing at t = 0. Therefore, the decaying transient from laser B from the period −τ 0 t 0 should be added to the measured PTR signal as it overlaps into the 0 t τ 0 period ( Fig. 1 ). Equation (23) can be complemented with this contribution as follows:
If the transient decays are slow, then the measured DPTR signal should include contributions over several prior periods. The complete set of signal contributions from decaying photothermal transients from earlier periods t < 0 is (with self-explanatory subscripts)
. . .
Finally, the measured total DPTR signal is
The lock-in detected signal is the Fourier transform of the WM-DPTR signal in Eq. (25) at the fundamental frequency ω 0 = 2π/τ 0 . The demodulated signal is expressed as in-phase S I P (ω 0 ) and quadrature S Q (ω 0 ) [14] :
Normally, the demodulated WM-DPTR signal is described as amplitude A and phase P :
D. WM-DPTR analyte detection
The analyte sensing capability of the WM-DPTR method is rooted in the optical and thermal property (absorption coefficient μ e and thermal effusivity e = k/ √ α) changes of a liquid sample with analyte concentration, which are also the basis for conventional, single-ended optical and thermal-wave diagnostic methods, respectively. However, purely optical methods (such as transmission measurements) and purely thermal-wave methods (thermal effusivity measurements) are much less sensitive than photothermal methods because the latter are based on optical and thermal property change interdependence, which acts cooperatively to enhance the sensitivity of the method. Additional sensitivity to interrelated optical and thermal property changes can be achieved by introducing differential photothermal methods, such as WM-DPTR. The thermal effusivity change due to analyte concentration change acts as an amplifying factor for the optical absorption coefficient change. This is very important because optical changes add chromophore selectivity to WM-DPTR, whereas thermal changes alone are not selective at a molecular level. The amplification of the WM-DPTR signal resulting from the optical and thermal interdependence in the presence of an analyte in a liquid medium (e.g., water) can be physically understood as follows: Tuning the IR excitation wavelength λ A to, or near, the peak of an absorption band of the analyte, and wavelength λ B at, or near, the absorption base line, a change in analyte concentration changes the optical absorption depth 1/μ eA , while1/μ eB remains unchanged. The resulting optical absorption and nonradiative conversion at the two wavelengths then generates proportional changes in thermal distributions depthwise in the medium (they shift the photothermal-wave centroid with changing μ eA ). The heat conducted away from the surface and subsurface locations in the medium does so at a rate strongly dependent on the thermal transport properties (effusivity and diffusivity). These properties also change with analyte concentration and this fact acts as a compounding amplification factor to the TABLE I. Optical and thermal property changes with glucose concentration C g (0-300 mg/dl) in glucose aqueous solutions. μ eB , absorption coefficient at λ B (10.4 μm), is 739.51 cm −1 for all C g . μ eA is absorption coefficient at λ A (9.5 μm), k thermal conductivity, α thermal diffusivity, e thermal effusivity. 
III. GLUCOSE-IN-WATER DETECTION SIMULATIONS
Based on the WM-DPTR theory, glucose detection was simulated using the MATLAB program and validated with a WM-DPTR experimental system. In the simulations, waterglucose solutions with glucose concentration 0-300 mg/dl, covering the full human blood range from hypoglycemia (below 70 mg/dl), to normal (80-140 mg/dl), to hyperglycemia (above 140 mg/dl), were considered to be photothermally excited using two out-of-phase laser beams of wavelength λ eA = 9.5 μm and λ eB = 10.4 μm coincident with peak and base line of the major glucose absorption band in the MIR (Fig. 2) . The glucose spectrum was obtained using our own water solutions. The detection band [λ 1 ,λ 2 ] was set to 2-5 μm, consistent with today's midinfrared photodiode detectors. Since there is no major glucose absorption band in this range, the IR absorption (emission) coefficient μ IR (λ) of the solvent was replaced by that of water. The optical and thermal properties of water with different glucose concentration C g are listed in Table I . The absorption coefficient μ eA was calculated based on Ref. [11] while μ eB does not change with C g . The thermal conductivity k was calculated from a simple equation [15] : k = k w + aC g , where k w is the thermal conductivity of water [W/mK] and a = −0.00162 [(W/mK)/(mg/dl)]. The thermal diffusivity α was calculated from α = k/ρc p , where ρ and c p are the density and specific heat of the solution, respectively [16, 17] . The modulation frequency f (=1/τ 0 ) was set at 10, 50, and 150 Hz. There are two important input parameters in the simulations: amplitude ratio R and phase shift P . Amplitude ratio R is defined as the ratio of pure water PTR amplitudes generated from laser A and laser B alone: R = A Aw /A Bw . Ris normally set in the neighborhood of 1 by adjusting the laser intensity ratio R I = I 0A /I 0B . Phase shift P is defined as the phase difference between water PTR phases generated from lasers A and B alone: P = P Aw − P Bw . The phase shift is normally set around 180
• by adjusting the modulated laser intensity phase shift P I = P I A − P I B . Specifically, a time lead or delay t was added to the PTR signal from laser B: S B = S B (t + t). It should be noted that R = R I , P = P I . Output signals were calculated both as transient wave forms S(t) and lock-in demodulated amplitudes and phases A(f ) and P (f ). For the purpose of comparison, the outputs include both single-ended signals generated from a single laser (S A (t), S B (t), A A , A B , P A , andP B ) and differential signals generated from both lasers (S AB (t), A AB , and P AB ). The modulation frequency used in the theoretical simulation results is 50 Hz unless specified otherwise. 
A. Determination of amplitude ratio R and phase shift P
In the WM-DPTR method, for optimal performance the amplitude ratio and phase shift of two single PTR signals from a glucose-free liquid medium must be ∼1 and 180
• (out-of-phase), respectively. It was found from simulations that the transient accumulation number (or signal settling number) N , in Eq. (25b), plays an important role in the proper determination of the amplitude ratio and the phase shift. Presented in Fig. 3 are two PTR signals S A (t), Fig. 3(a) , andS B (t), Fig. 3(b), from lasers A(λ A ) and B(λ B ) , respectively. The shapes of the two wave forms are strongly dependent on the settling number N which increased from 0 to 10 5 . With contributions from 10 5 previous cycles, the sampled signals exhibit full decay, consistent with experimental results. The accompanying dc signal increases are not shown here because the subsequent lock-in demodulation process eliminates them. The resultant amplitude ratio and phase shift of the two demodulated signals are also N dependent, as shown in Fig. 4 . With sensitivity requirements that laser intensity ratio R I be set at 1 and phase shift P I at 180
• , when N increases from 0 to 10 5 , the amplitude ratio R increases from ∼0.66 to ∼1, Fig. 4(a) , and the phase shift increases from ∼146
• to ∼180
• , Fig. 4 (b). R and P change greatly for N < 100 and then approach saturation for N > 1000. To simulate our experimental measurement conditions with ∼50 s settling time, N was set at 500 for 10 Hz, 2500 for 50 Hz, and 7500 for 150 Hz. The remainder between R ( P ) and 1 (180 • ) was compensated through change of intensity ratio and addition of a lead time t to the PTR signal S B (t) in the millisecond or submillisecond level, depending on modulation frequency.
B. Water base line and glucose detection mechanism
Since human blood-range aqueous glucose solutions are water solutions with small perturbations, photothermal properties of the water base line were studied first. Figure 5 shows amplitude A AB and phase P AB of the water-generated WM-DPTR signal vs amplitude ratio (R = 0.98 to 1.04) with various phase shifts ( P = 180
• , 180.25
• , and 180.5
• ). The amplitude at 180
• phase shift, Fig. 5(a) , forms a V curve, with nearly zero minimum around R = 1. With an increase in phase shift, the minimum of the V curve becomes rounded off and rises. These minima also occur at R ≈ 1 where the two amplitudes A A and A B have similar magnitudes so they cancel each other out, or nearly so, depending on the phase shift. The closer to 180
• P is, the sharper and lower the minimum. The amplitude change with phase shift change increases in the neighborhood of R ≈ 1 from both directions and becomes maximum at R = 1. The phase of the water signal, Fig. 5(b) , takes the shape of a step function, transitioning from the single-laser PTR phase P B to P A (180
• to 0 • ) around R = 1. With increasing phase shift, the phase transition becomes more gradual. The most affected regions (tens of degrees of change) are just below and above R = 1. Unlike the amplitude, there exists an unaffected region around R = 1 at the middle point of the transition where all the phase curves cross. Figure 5 shows that the water base line is very sensitive to phase shift change. It also demonstrates that WM-DPTR functions as a photothermal signal amplifier: A tiny change (subdegree) in the single PTR signals (P A − P B ) can be amplified to tens of degrees (∼90
• maximum) in the DPTR signal (P AB ). When glucose is added (dissolved) into pure water, the phase shift as well as the amplitude ratio will change as shown in Fig. 6 . For the human blood glucose concentration range 0-300 mg/dl, the amplitude ratio A A /A B increases from 1 to ∼1.008 and the phase shift P A − P B decreases from 180
• to ∼179.81
• . The resultant amplitude and phase signals vs amplitude ratio R at glucose concentrations 0, 160, and 300 mg/dl are plotted in Fig. 7 . As expected, the amplitude in Fig. 7 (a) exhibits similar trends to Fig. 5(a) : a set of V curves with minima becoming rounded off and rising as glucose concentration increases. This is so because glucose causes a phase shift deviation. However, the V curves are not symmetric about R = 1 as in Fig. 5(a) , with the minimum shifting toward smaller R with increasing concentration. This is due to the increase of amplitude ratio A A /A B with glucose concentration. The shifting of the minimum allows for a larger dynamic range in the region R > 1. However, the amplitude is not monotonic, exhibiting low resolution in the region R < 1. In Fig. 7(b) the phase also follows the same trend as in Fig. 5(b) : The phase transition becomes more gradual with glucose concentration due to the phase shift deviation and its resolution is low in the region R > 1. The crossing point, intrinsically insensitive to glucose, is pushed down below the midpoint, so that the dynamic range in the region R < 1 increases to ∼157
• at the cost of shrinking dynamic range in the region R > 1.
Figures 7(a) and 7(b) indicate that the glucose detection sensitivity of WM-DPTR is amplitude ratio dependent and the amplitude and phase are two complementary metrics. This can be seen more clearly in Fig. 8 , which shows the total relative amplitude change A AB /A ABw ( A AB = A AB − A ABw , amplitude change between pure water differential signalA ABw and glucose solution differential signal A AB ) and phase change P AB ( P AB = P AB − P ABw , phase change between pure water differential signal P Aw and glucose solution differential signal P AB ) due to 100, 200, and 300 mg/dl glucose con- centration changes against amplitude ratio R. It is shown that the glucose sensitivity of both amplitude and phase strongly depends on amplitude ratio R, peaking within an extremely narrow range. Asymmetrically broader shoulders appear above R = 1 for the amplitude and below R = 1 for the phase. Sharp dips in the amplitude appear on the left side (R < 1). In general WM-DPTR demonstrates dynamic range advantage over single-ended PTR. The latter only yields ∼0.03 in relative amplitude change and ∼0.3
• in phase change for the same percentage of glucose concentration change (300 mg/dl).
WM-DPTR signals are normally nonlinear with glucose concentration and this dependence also changes with amplitude ratio R. Figure 9 presents amplitude and phase dependence on glucose concentration at four amplitude ratios R1-R4. It can be seen from the phases, Fig. 9(b) , that each amplitude ratio favors a different glucose concentration range: R1 produces enhanced sensitivity in the low range (0-60 mg/dl), R2 in the medium-to-high range (60-180 mg/dl), R3in the high range (180-300 mg/dl), and R4 in the entire range, but with relatively low sensitivity. Very importantly for potential clinical applications, the amplitudes in Fig. 9 (a) complement the phase sensitivity at each R value; for example, at R1 the amplitude exhibits high sensitivity to C g > 60 mg/dl, a range where the phase is fully saturated. It is noticed that the amplitudes at R1, R2, and R3 are nonmonotonic over the full glucose concentration range.
C. Other effects on glucose detection sensitivity
In addition to the amplitude ratio, the glucose detection sensitivity is also affected by other factors, such as changes in water base line phase shift deviation and modulation frequency f . Figure 10 displays three signal response curves to a 300 mg/dl glucose concentration change from pure water using different phase shifts: 179.5
• , 180
• . For ±0.5
• deviation from the 180
• phase shift, peak sensitivities drop greatly: ∼99% in amplitude and 68% in phase. The peak and dip positions are also affected. The peak sensitivity change with larger phase shift deviation (±1
• ) is illustrated in Fig. 11 . Figure 11 (a) indicates that peak amplitude changes are narrow: 0.25
• shift away from 180
• affects amplitude peak sensitivity most strongly, whereas the shift effect on phase is broader than amplitude and essentially symmetric about P = 180
• , Fig. 11(b) . Figure 12 shows phase curves as functions of amplitude ratio for various glucose concentrations (0, 100, 200, and 300 mg/dl). The phase shift P is 180.25
• . The phase change region becomes steeper with increasing glucose concentration and undergoes a very sharp transition (flip-over) at different amplitude ratios. This is so because the phase shift decreases with glucose concentration as shown in Fig. 6 (where P = 180
• , not 180.25
• ). For P = 180.25
• , the phase shift approaches 180
• with increasing glucose concentration. It should be noted that the phase flip-over, which occurs for each glucose concentration at a different amplitude ratio, may be used as a sensitive method to measure that concentration. Figure 13 demonstrates the effects of frequency change on glucose sensitivity: The signal responses to a 300 mg/dl glucose concentration with three different modulation frequencies, 10, 50, and 150 Hz, were investigated. The figure shows that the main peak half-width of both amplitude sensitivity, Fig. 13(a) , and phase sensitivity, Fig. 13(b) , around R ∼ 1 increases with increasing frequency. Simulations show that the peak value of the sensitivity increases with frequency for phase and decreases for amplitude.
D. Detection configuration comparisons
The roles of optical (μ eA ) and thermal (α and k) properties in WM-DPTR glucose detection were studied using a comparison among four configurations: (1) α and k fixed (at water values) while μ eA changes with glucose concentration, (2) μ eA fixed (μ eA = μ eB ) while α and k change, (3) μ eA fixed (μ eA = μ eB ) while α and k change, and (4) μ eA , α, and k all change. The glucose-induced changes (0-300 mg/dl) in amplitude ratio A A /A B and phase shift P A − P B are presented in Fig. 14 . The amplitude ratio, Fig. 14(a) , exhibits a slight decrease in configuration (conf.) (3), almost no change in conf. (2) , and large increases in both confs. (1) and (4) . The phase shift, Fig. 14(b) , exhibits small increases in both confs. (1) and (4) yield the largest responses, while configuration (2) yields the smallest response. Figure 15(b) shows that (1) and (4) have higher and wider sensitivity ranges while (2) has a lower peak and a much narrower sensitivity range. Figure 15 demonstrates that the predicted glucose sensitivity of WM-DPTR is a cooperative effect due to optical property changes as amplified by differential optical absorptions and accompanied by thermal property changes. The reason for which WM-DPTR is more sensitive in conf. (1) (changes in μ eA alone) than in conf. (4) is because part of the optical-property-change-induced phase shift is canceled out by the thermal-property-change-induced phase shift. If μ eB is selected to be smaller than μ eA , for example, the left minimum M1 of the glucose absorption peak, Fig. 2 , the glucose selectivity of μ eA will be even more enhanced because the increase of μ eA with glucose concentration increases the difference, which, in turn, increases glucose detection sensitivity. As can be seen in Fig. 16 complementarily wider peaks in both amplitude [ Fig. 16(a) ] and phase [wider for R < 1, Fig. 16(b) ] channels.
IV. EXPERIMENTAL AND PRELIMINARY RESULTS
An experimental WM-DPTR system was developed as guided by the foregoing WM-DPTR theory, in order to measure water-glucose solutions (Fig. 17) . The setup consisted of two quantum cascade lasers and a laser controller (QCL, 1101-95/104-CW-100-AC, Pranalytica, CA) emitting at wavelengths 9.5 and 10.4 μm (at the M2 base line absorption wavelength), a HgCdZnTe detector (MCZT, PVI-4TE-5, Vigo System, Poland) sensitive in the 2-5-μm spectral bandwidth, a function generator (33220A, Agilent Technologies, CA) and a lock-in amplifier (SR830, Stanford Research Systems, CA), or a digital oscilloscope (DPO 7104, Tektronix, OR). The square-wave out-of-phase modulated laser beams impinged on the sample which consisted of water and glucose and generated PTR signals. The differential signal was collected by the MCZT detector and then sent to the lock-in amplifier for demodulation, or was sent to an oscilloscope to view the wave forms. The amplitude ratio R was controlled by the laser controller and the phase shift P was controlled by the function generator. Figure 18 displays WM-DPTR wave forms for pure water measured by the digital phosphor oscilloscope. Although the experimental data (symbols) are noisy due to low signals, they are in agreement with the theoretical best fits (lines).
Water base line measurements with the lock-in amplifier at 50 Hz at five different phase shifts (179
• -181 • ) are presented in Fig. 19 Fig. 19(a) , curves obtained with P of 179
• , 179.5
• are not presented because they almost overlap the 180.1
• and 180.5
• curves. The agreement between theory and experiment is excellent, especially for the phases. The relatively larger deviation in fitting the amplitude is due to the fact that amplitude is more easily influenced by other factors such as temperature and sample surface conditions. Figure 20 shows the amplitude ratio dependence of amplitude and phase with 0 and 300 mg/dl glucose in water with a phase shift P = 179.75
• at 50 Hz. The symbols are measurement data and the lines are theoretical fits using Eq. (25b) with parameters from the literature μ eA = 531.1 (540.3) cm The values in brackets correspond to glucose solution of 300 mg/dl. It is seen that the theory fits the data very well for both amplitude, Fig. 20(a) , and phase, Fig. 20(b) , in the range 0.97 < R < 1.03 where the signal-to-noise ratio is relatively high.
The amplitude ratio scans consisting of 17 data points are slow, so there might be fluctuations in the measurement results due to instrumental drift with some data points diverging from theoretical curves.
V. CONCLUSIONS
We have introduced the WM-DPTR technique, both theoretically and experimentally for noninvasive biological analyte detection, such as blood glucose monitoring. A theoretical model was developed based on differential photothermal radiometric signals from peak and base line absorptions of the mid-IR pyran ring of the glucose molecule. Model based simulations of glucose detection in aqueous phantoms in the clinically relevant range demonstrated its superior sensitivity due to cooperative photothermal amplification effects when compared with the single-ended method. The amplitude ratio and phase shift of the pure water base line were found to play a very important role in detection sensitivity. The amplitude and phase of the WM-DPTR signal act as two complementary glucose measurement channels. A third glucose concentration measurement method can be introduced if the base line phase shift is larger than 180
• . It was found that, through proper selection of the excitation laser intensity ratio and the corresponding optimal modulation frequency, the WM-DPTR glucose measurement mode can be adjusted for maximum sensitivity to the glucose range of interest for accurate evaluation of biologically relevant glucose concentrations, from hypoglycemia to hyperglycemia. An experimental WM-DPTR system was designed and preliminary aqueous glucose solution measurement results were obtained, yielding very-good-to-excellent fits to the theoretical model.
